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INTRODUCTION 


This  Final  Report  consists  of  a  set  of  viewgraphs  with  a  preceding  page  for 
each  viewgraph  as  an  explanatory  exposition.  The  viewgraphs  which  follow  were 
presented  to  the  Contract  Monitor,  Dr.  Richard  S.  Miller,  at  ONR  on  December  18, 
1990.  This  briefing  constituted  the  final  output  on  the  program  entitled 
"Investigation  of  Research  Requirements  for  Underwater  Explosions". 

The  purposes  of  the  program  were  to,  first,  determine  the  research  needs  in 
the  area  that  would  fit  under  the  6.1  category  of  government  research  funding 
and,  second,  to  determine  which  parts  of  the  6.1  community  could  contribute.  It 
was  generally  found  that  the  University  part  of  this  community  could,  indeed, 
contribute  significantly  to  research  in  this  area.  However,  it  is  deemed 
necessary  to  include  Government  and  National  Laboratories  in  a  coordinated  effort 
because  of  the  condensed  phase  detonation  facilities  possessed  by  these 
laboratories. 

It  is  recommended  that  an  Accelerated  Research  Initiative  be  formed  to 
attack  the  areas  of  scientific  understanding  shown  in  these  viewgraphs  to  be  in 
need  of  such  work. 


A  TARGET 


Shown  is  a  Soviet  Oscar  class  guided  missile  submarine,  which  is  one 
potential  troublesome  target.  A  double-hulled  device,  there  is  considerable 
controversy  as  to  whether  a  non-contact  weapon  can  kill  this  submarine.  Concerns 
like  this  have  given  impetus  for  the  formation  of  a  research  initiative  in 
underwater  explosions. 
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TASK  INTERVIEWS 


Shown  are  the  principal  people  interviewed  and  the  laboratories  visited  during 
the  course  of  this  program.  Facilities  were  inspected  and  research  ideas  were 
explored.  In  addition,  over  100  references  were  collected  and  studied  during  the 
course  of  the  program.  It  should  be  mentioned  that  all  people  were  highly 
cooperative  and  were  enthusiastic  concerning  the  possibility  of  a  future  directed 
effort  in  this  area. 


TASK  INTERVIEWS  AND  VISITS 
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otes:  1.  *  denotes  people  present  at  Atlanta  Workshop 

2.  Over  100  references  collected  on  underwater  explosion  topics 


WHAT'S  NEW 


A  workshop  was  conducted,  chaired  by  the  PI,  in  August,  1988  to  explore  the 
limits  of  understanding  at  that  time  in  the  area  of  underwater  explosions.  The 
current  effort  was  to  see  what  had  transpired  since  that  time  in  research  and 
technology.  Following  figures  will  amplify  on  the  areas  mentionet  in  this 
viewgraph. 


WHAT’S  NEW 

OR  WAS  OMITTED  AT  THE  ATLANTA  WORKSHOP 
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UNIVERSITY-NATIONAL  LABORATORY  COLLABORATION 


VULNERABILITY  AND  DAMAGE 


Shown  are  a  short  time  trace  of  the  water  shock  wave  pressure  and  a  long 
time  trace  containing  the  shock  and  the  pressure  due  to  several  bubble  periods  of 
expansion  and  contraction.  In  the  shock  trace,  two  shocks  may  be  seen.  In 
principle,  an  infinite  number  of  trailing  shocks  would  be  seen,  of  ever 
diminishing  strength.  The  trailing  shocks  are  caused  by  an  impedance  mismatch 
(to  be  discussed  later)  between  the  detonation  emanating  from  the  charge  and 
passing  into  the  water. 

The  peak  pressure  in  the  shock  is  considerably  larger  than  that  due  to  the 
bubble  oscillations,  but  typically  the  impulse  delivered  by  the  shock  is  about 
the  same  as  delivered  by  the  first  bubble  pulse.  Damage  mechanisms  include  the 
shock  impact  on  the  target,  the  impulse  delivered  by  the  bubble  pulses,  hull 
oscillation  (whipping)  induced  by  the  pressure  field  (unsteady)  from  the  bubble 
oscillations,  and  impact  forces  of  a  jet  produced  by  the  bubble  if  the  bubble  is 
sufficiently  close  to  the  target.  In  this  figure  R  is  slant  range  from  the 
explosion  center  to  the  target  and  A  is  the  maximum  bubble  radius  on  its  first 
expansion.  ax 

Since  the  bubble  migrates  upward,  due  to  gravity,  positioning  of  the 
explosion  is  critical.  The  deeper  the  explosion,  the  less  the  migration  speed. 


VULNERABILITY  AND  DAMAGE 
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VULNERABILITY  AND  DAMAGE  (cont.) 


The  ability  of  the  shock  wave  to  impose  damage  is  usuaT>y  measured  by  a 
number  called  the  "shock  factor",  as  shown.  The  square  of  this  factor  is  the 
ratio  of  explosive  energy  to  the  square  of  distance  f  ’om  the  charge  and  is  the 
factor  to  which  shock  wave  energy  is  proportional  in  linear  acoustics.  It  is  a 
fact  that  after  about  only  10  charge  radii  the  shock  propagation  follows  linear 
acoustics  as  opposed  to  strong  shock  (blast  wave)  propagation  laws.  The  latter 
would  have  shock  pressure  proportional  to  energy  divided  by  range  .  The  reason 
for  following  nearly  acoustic  physics  is  the  weak  compressibility  of  water; 
although  the  overpressures  may  be  quite  high  compared  with  ambient  pressure,  the 
density  does  not  change  very  much. 

At  first,  shock  wave  energy  seems  strange  as  a  correlating  parameter  for 
damage,  as  opposed  to  shock  impulse,  which  would  scale  differently  than  shock 
energy.  The  reason  appears  to  be  that  at  reasonably  low  pressures,  where  impulse 
controls,  the  target  metal  resists  bending.  However,  at  higher  pressures  the 
metal  stress  plays  no  role  and  the  metal  is  being  purely  accelerated.  As  a 
consequence,  a  given  damage  value  would  follow  roughly  a  constant  value  of 
impulse  times  pressure,  which  scales  as  the  square  of  the  shock  factor. 

The  hull  whipping  mechanism  of  damage  can  be  reasonably  well  calculated  by 
bubble-hull  interaction  hydrocodes  coupled  with  a  model  of  the  ship  (target) 
dynamics.  Calculation  of  this  effect  appears  to  be  in  hand,  provided 
intelligence  information  on  the  structure  of  the  target  is  known. 

Bubble  impulse  and  bubble  jet  damage  are  highly  empirical  at  the  current 
time,  primarily  because  modelling  and  computing  of  the  bubble  behavior  are  not  in 
an  advanced  state.  More  concerning  the  buoble  behavior  will  come  later. 

The  relative  importance  of  the  various  kill  mechanisms  depends  on  not  only 
the  target  type  but  the  explosive  depth,  range  and  type.  Given  the  target,  it 
would  be  a  good  goal  to  have  control  over  the  characteristics  of  the  shock  and 
the  bubble. 
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DETONATION  AND  BUBBLE  PHYSICS  AND  CHEMISTRY 


This  is  a  header  for  several  of  the  following  charts. 


DETONATION  AND  BUBBLE 


THEORETICAL  HUGONIOTS 


The  next  three  charts  are  to  be  taken  as  a  group.  They  each  consist  of 
three  curves.  First,  there  is  the  Hugoniot  curve,  in  pressure-particle  velocity 
coordinates,  for  a  shock  wave  in  water.  Then  there  are  two  curves,  each  for 
different  solid  explosive  densities,  giving  the  Chapman-Jouget  pressure  and 
particle  velocity  for  various  values  of  the  enthalpy  of  detonation  (q)  of  the 
explosive.  The  water  shock  is  empirical,  but  the  detonation  calculations  are 

theoretical,  assuming  perfect  gas  products  with  some  condensed  phase  material, 
the  mass  fraction  of  condensed  phase  products  being  denoted  by  Y  .  The  trick  in 
assuming  perfect  gases  and  still  getting  good  numbers  is  in  the  choice  of  the 
ratio  of  specific  heats,  an  effective  value  of  which  is  about  3,  herein  chosen  as 

3.0.  The  first  chart  is  for  Y  =0,  the  second  is  for  Y  =  3  and  the  third  chart  is 

merely  an  overlay  of  the  firststwo  charts.  “ 

The  purpose  here  is  to  emphasize  certain  properties  of  solid  phase 

detonations  and  the  process  of  the  transfer  of  the  detonation  energy  to  the  water 
shock.  First,  there  are  the  well  known  properties  that  the  Chapman-Jouget 
pressure  of  the  detonation  increases  as  the  heat  of  detonation  and  the  solid 
phase  density  increase,  the  increase  being  linear  in  both.  Less  well  known  is 
the  fact  that  if  solid  or  liquid  particles  are  formed  in  the  detonation  products 
the  C-J  pressure  drops,  because  of  removal  of  mass  from  the  gas  phase.  Not  well 
appreciated  at  all,  however,  is  that  at  a  fixed  detonation  pressure  there  is  a 
mismatch  between  the  particle  velocities  behind  the  detonation  and  the  water 
shock.  This  mismatch  occurs  for  all  conventional  explosives  and,  as  a 
consequence,  there  cannot  be  a  smooth  transfer  of  the  detonation  into  the  water. 
A  reflection  must  occur  at  the  explosive-water  interface  which  has  as  a 
consequence  that  the  full  C-J  pressure  is  not  transmitted  into  the  water  and  a 
wave  is  reflected  into  the  remaining  detonation  bubble.  For  a  given  density  and 
q,  the  mismatch  is  minimized  for  Ys>0,  but  the  pressure  transmission  into  the 
water  is  lowered. 

Given  that  the  explosive  is  also  encased,  there  is  a  further  reflection  back 
into  the  explosive  bubble  and  reduction  of  pressure  transmission  into  the  water. 
The  net  effect  of  these  impedance  mismatches  is  ultimately  the  creation  of 
irreversible  processes  in  the  bubble,  lowering  the  effectiveness  of  the 
explosion.  On  the  other  hand,  a  lower  water  shock  pressure  lowers  the 
dissipation  in  the  water  shock. 
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TIGER  CALCULATIONS 


These  are  calculations  made  using  the  computer  code  TIGER,  a  standard 
explosion  code,  for  actual  explosives  (and  one  contrived  one).  The  coordinates 
of  the  graph  are  the  same  as  those  of  the  three  preceding  figures.  Assumed  in 
the  calculations  is  chemical  equilibrium  at  the  C-J  plane,  but  high  pressure 
equations  of  state  (EOS)  are  employed.  At  the  left  end  of  each  of  the  lines 
intersecting  the  water  shock  Hugoniot  for  the  different  explosives  is  the  C-J 
point  for  that  explosive.  The  lines  are  the  isentropes  along  which  the  bubble 
products  expand  to  make  a  match  with  the  water  shock.  The  intersection  gives  the 
shock  properties  for  the  water.  Although  these  calculations  are  representative 
of  the  actual  state  of  affairs,  it  should  be  borne  in  mind  that  the  equilibrium 
assumption  overstates  the  pressures  achievable,  because  the  condensed  phase 
products,  especially,  probably  are  not  completely  formed. 

As  seen  in  the  prior  three  figures,  addition  of  A1  to  an  explosive,  causing 
the  condensed  phase  product  A1?0V  lowers  the  water  shock  pressure  (compare  pure 
RDX  to  85%  RDX  -  15%  A1 ) .  At  Tirst  glance  this  would  appear  to  be  a  bad  effect, 
but  it  will  be  seen  that  it  is  actually  beneficial  to  the  efficacy  of  the 
explosion.  Note  the  Fleet  explosive  (N103),  which  is  aluminized,  has  a  lower 
water  pressure  than  those  from  the  RDX  explosives.  Yet  it  works  out  that  this  is 
beneficial  (note  how  closely  the  Fleet  explosive  is  impedance  matched  to  the 
water).  Ammonium  perchlorate  is  by  itself  a  relatively  poor  explosive,  but  it 
releases  a  lot  of  oxygen  which  may  be  taken  advantage  of  by  the  addition  of 
aluminum.  Ammonium  perchlorate  is  an  ingredient  in  N103. 

A  contrived  explosive  is  the  50%  A1  -  50%  water  mixture.  The  mixture  of 
cold  aluminum  metal  and  cold  liquid  water  is  not  actually  detonable,  but  TIGER 
does  not  know  this  and  can  compute  the  explosion  result  if  equilibrium  were 
achieves.  As  shown,  although  there  is  a  strong  impedance  mismatch,  this  would  be 
a  respectable  explosive.  Now  ask  what  would  happen  if  the  water  were  free;  that 
is,  if  ori'y  aluminum  had  to  be  carried  in  the  weapon,  could  it  be  detonated  with 
the  surrounding  free  sea  water?  The  result  would  be  more  explosive  power  per 
unit  volume  of  the  weapon. 
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EXPLOSIVES  CALCULATIONS 


This  chart  is  a  tabulation  of  numbers  from  which  the  prior  chart  is  graphed. 
In  addition,  the  explosive  density,  heat  of  detonation,  number  of  moles  of  bubble 
gas,  and  molecular  weight  of  the  bubble  gas*  are  given.  These  numbers  will  be  of 
use  in  a  later  chart.  From  NSWC  several  shock  and  bubble  energies  relative  to 
pentolite  (50%  TNT,  50%  PETN)  have  been  obtained  and  are  tabulated. 

It  is  to  be  noted  that  while  the  water  shock  strength  of  RDX/A1  is  lower 
than  that  of  pentolite,  both  the  shock  and  bubble  energies  are  greater  for  the 
aluminized  RDX.  The  reasons  for  this  will  be  discussed  later. 

In  the  line  below  the  Al/H^O  results  is  indicated  the  density  of  pure 
aluminum.  This  would  be  the  charge  density  if  only  aluminum  were  carried, 
presuming  the  water  were  free  and  could  be  exploded  with  the  aluminum.  This  is 
the  basis  for  interest  in  steam  explosions,  which  will  be  covered  later. 


EXPLOSIVES  CALCULATIONS 
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THE  MYSTERIOUS  EFFECT  OF  ALUMI NUM 


As  mentioned,  the  addition  of  aluminum,  up  to  a  point,  increases  the 
performance  of  both  the  shock  and  the  bubble.  While  the  water  shock  pressure 
initially  drops  due  to  aluminum  addition,  which  in  itself  would  lower  the  shock 
energy,  the  heat  of  detonation  is  increased,  leaving  a  more  energetic  bubble. 
There  is  a  continual  nonlinear  interaction  between  the  bubble  and  shock  during 
the  bubble  expansion  phase.  A  more  energetic  bubble  expansion  slows  the  shock 
decay,  and  there  is  the  additional  effect  that  a  weaker  initial  shock  is  less 
dissipative  (lower  entropy  rise). 

A  bubble  containing  hot  particulate  matter  (aluminum  oxide)  can  do  more 
expansion  work  on  the  water  than  without  the  particulates.  The  simple  formula  at 
the  bottom  of  the  chart  is  based  on  the  assumption  that  thermal  equilibrium  is 
maintained  between  the  particles  and  the  bubble  gas.  That  is,  as  the  bubble 
expands  and  cools,  the  particulates  give  up  heat  to  the  bubble  gases.  Here  p  is 
the  initial  water  pressure  and  V  is  the  initial  bubble  (charge)  volume.  °The 
function  r  depends  upon  the  specific  heats  of  the  gases  and  particulates  and  upon 
the  mass  fraction  of  the  particulates,  Y  .  While  p  drops  due  to  aluminum 
addition,  this  is  more  than  compensated  for  by  the  fal?  in  r-1.  The  net  effect 
of  these  interactions  is  an  increase  in  bubble  and  shock  performance  for  modest 
aluminum  addition. 
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PARTICULATE  EXPANSION 

A  little  discussed  effect,  and  one  which  may  be  of  impontance,  is  The 
migration  of  any  particulate  matter  left  in  the  explosion  bubble.  While  there  is 
oscillatory  wave  motion  in  the  bubble  gases,  the  on-average  motion  during  the 
first  exDansion  cycle  is  outward,  dragging  the  particulate  matter  outward.  As 

the  bubbfe  starts  to  recompress,  particle  lag  may  throw  some  "thJlIJ 
into  the  liquid.  Depending  upon  the  make-up  of  the  particulates  and  their 
temperature,  this  may  be  a  mechanism  for  late  time  energy  release.  This  effect 
has  not  been  studied. 


Solid  Products  of  Reaction 


UNDERWATER  EXPLOSION  SCHEMATIC 


This  chart  shows  a  composite  of  the  various  processes  taking  place  during 
the  first  bubble  cycle.  After  the  shock  passes  into  the  water  at  B,  an  expansion 
wave,  C,  propagates  back  toward  the  bubble  center.  This  propagation  is  going 
through  what  is  called  the  Taylor  wave,  which  is  left  by  the  detonation.  Since 
the  gases  near  the  center  of  the  Taylor  wave  are  at  rest,  the  expansion  wave 
accelerates  the  gases  toward  the  center.  This  is  an  intolerable  condition  when 
the  wave  reaches  the  bubble  center,  and  the  result  is  an  outward  shock  reflected 
from  the  center.  This  shock  causes  a  second  shock  at  D  to  be  propagated  into  the 
water  and  the  process  repeats.  Undoubtedly  the  hot  bubble  causes  some  water 
evaporation,  shown  schematically  at  G,  but  the  importance  of  this  effect  is 
unknown. 

As  the  bubble  compresses  toward  its  first  minimum  it  is  widely  believed  that 
a  fluid  mechanical  instability,  called  Rayleigh-Taylor  instability,  sets  in 
causing  turbulence  at  the  bubble-water  interface  and  greatly  increasing  the 
surface  area  at  that  interface.  The  turbulence  generation  is  an  energy  loss 
mechanism,  but  the  surface  area  increase  should  cause  increased  transport 
processes  at  the  interface,  the  effects  of  which  are  not  understood. 


UNDERWATER  EXPLOSION  SCHEMATIC 
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BUBBLE  DYNAMICS 


Some  of  the  effects  of  the  prior  chart  are  shown  here,  for  subscale 
detonation  bubble  experiments.  Note  the  roughening  of  the  edges  near  the  first 
bubble  minimum  in  picture  3.  Computation  suggests  that  the  bubble  has  actually 
split  in  two  at  this  point,  and  there  may  be  an  upward  directed  water  jet  in  the 
center,  which  is  not  visible  because  of  post-detonation  debris.  In  any  event, 
the  edges  remain  rough  as  the  bubble  undergoes  its  second  expansion. 
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RELATIVE  SHOCK  WAVE  AND  BUBBLE  ENERGIES 


The  Naval  Surface  Warfare  Center  has  collected  data  from  underwater 
explosions  on  175  different  tests,  where  the  data  are  sufficient  to  extract  the 
bubble  and  shock  wave  energies.  By  assuming  different  products  of  detonation  in 
a  rational  way  (called  "arbitraries")  a  correlation  was  attempted  for  the 
energies  in  terms  of  what  were  found  to  be  the  strongest  correlating  parameters. 
These  parameters  are  the  heat  of  detonation  (standard  state  enthalpy  of 
detonation),  the  number  of  moles  of  gas,  the  molecular  weight  of  the  gas,  and  the 
solid  phase  density.  Comparison  was  made  against  pentolite  on  both  fixed  volume 
and  fixed  weight  bases. 

The  results  on  a  fixed  volume  basis  are  summarized  on  the  second  following 
chart.  As  expected,  the  energies  are  most  strongly  dependent  upon  the  heat  of 
detonation,  Q.  However,  there  are  two  surprises.  First,  the  shock  wave  energy 
depends  upon  the  Q  to  only  the  3/4  power,  rather  than  the  first  power.  Secondly, 
the  solid  density  dependence  is  weak.  Ideal  detonation  theory  suggests  that  the 
shock  pressure  should  be  proportional  to  the  first  power  of  the  density.  Also, 
on  a  fixed  volume  basis  the  charge  weight  is  proportional  to  the  density.  These 
considerations  would  suggest  a  much  stronger  density  dependence  of  the  energies. 
The  reasons  for  this  behavior  are  unknown. 

The  strong  behavior  with  regard  to  Q  means  that  estimates  of  this  quantity 
are  vital.  However,  the  actual  products  of  detonation  and  their  equation  of 
state  are  incompletely  known,  especially  for  composite,  or  non-ideal,  explosives. 
Especially  with  metal-loaded  explosives,  the  product  state  of  the  metal  and  the 
time  scales  on  which  the  products  are  formed  are  unknown  with  any  precision. 
Additionally,  what  state  does  the  carbon  go  to  -  amorphous  or  graphite? 
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The  correlations  are  quite  good  and  much  of  the  scatter  is  probably  due  to 
the  details  of  the  different  experiments  (initiation  method,  containment, 
measurement  method,  etc.)  ■ 
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TOTAL  STEAM  EXPLOSIONS 


When  a  molten  substance  at  sufficiently  high  temperature  encounters  liquid 
water  and  if  a  sufficient  shock  impetus  is  applied  a  violent  interaction  can 
occur,  involving  molten  substance  breakup  and  massive  steam  formation  in  a 
relatively  short  time.  This  process  is  called  a  steam  explosion.  If  the  molten 
substance  can  also  react  with  the  water  and  release  further  heat  and  gas,  the 
process  is  called  a  total  steam  explosion.  In  the  current  context,  molten 
aluminum  can  strip  the  oxygen  from  water,  forming  aluminum  oxide  (condensed 
phase)  and  hydrogen  gas.  The  process  is  highly  energetic,  and  in  underwater 
processes  the  water  is  "free". 

Molten  substances  may  be  formed  by  thermite  reactions,  for  example,  and  any 
shock  impetus  required  may  be  provided  by  a  secondary  detonator.  Since  metallic 
substances  have  high  density,  the  potential  for  volumetric  heating  value  is  very 
high.  Work  in  this  area  has  primarily  originated  from  the  nuclear  reactor  safety 
community,  but  preliminary  results  have  been  obtained  with  intentional  explosions 
in  mind.  Work  in  this  area  is  to  be  encouraged. 
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metallic  melt  and  chemical  reaction  with  the  water  are  to 

be  used  ^ , 

Scientific  understanding  is  in  its  infancy,  but  the  power 

of  these  explosions  is  known 


FLUID  INSTABILITIES  OF  INTEREST 


In  conventional  and  steam  explosions  there  are  several  fluid  mechanical 
instabilities  which  arise  at  liquid-gas  interfaces.  These  are  known  as 
Rayleigh-Taylor,  Kelvin-Helmholtz  and  evaporative  instabilities.  In  an  explosion 
bubble  these  processes  increase  the  interface  area  considerably,  cause  turbulence 
and  increase  transport  rates  markedly.  Usually  near  the  first  bubble  minimum, 
the  onset  of  one  or  more  of  these  instabilities  occurs.  However,  the  processes 
have  not  been  calculated  with  any  detail,  the  importance  of  the  them  is  unknown 
in  energy  budgets  and  the  role  of  surface  tension  has  not  been  explored. 
Substantial  future  effort  is  required,  both  computationally  and  experimentally, 
to  understand  the  role  of  these  instabilities  in  underwater  explosions. 
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COMBINATIONS  OF  THE  ABOVE  The  situation  is  clearly  complex 
and  some  clever  diagnostics  are  called  for  to  unravel  what 
may  be  going  on  near  the  bubble- water  interface. 


PRESSURE  MEASUREMENT 


One  of  the  most  widely  used  and  practically  important  measurements  is  that 
of  pressure.  Two  piezoelectric  measurement  devices  employ  the  natural  crystal 
Tourmaline  or  the  synthetic  crystal  Lithium  Niobate.  However,  these  devices  are 
pressure  limited  to  only  about  6  kbar.  For  close  in  measurement  of  detonation 
physics  it  is  desirable  to  measure  to  the  order  of  300  kbar.  Two  promising 
devices  involve  polyvinyldifluoride  {PVDF),  a  piezoelectric  film,  and  ruby 
crystal,  a  pressure-dependent  fluorescing  substance  under  bombardment  by  green  or 
blue  light.  PVDF  is  currently  in  use,  but  some  of  its  properties  are  still  under 
examination.  Work  with  the  ruby  is  still  in  the  development  phase.  A  critical 
question  concerns  the  robustness  of  these  newer  devices  in  the  detonation 
environment.  However,  high  pressure,  fast  response  measurements  are  critically 
needed  for  physical  and  chemical  understanding  of  close-in  detonation  processes, 
and  research  into  pressure  measurement  devices  should  be  stressed. 
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NEEDS  -  Close  in  measurements  are  needed  for  code 
validation  and  physical/chemical  understanding  so 
research  should  continue 


FACILITIES  AND  UNIVERSITIES  INSTRUMENTATION 


While  the  government  and  national  labs  are  well  equipped  to  perform  solid 
phase  detonation  experiments,  universities  are  not,  because  of  student  safety  and 
licensing  and  storage  requirements.  The  issue  is  whether  or  not  the  universities 
can  make  a  strong  contribution  to  a  focused  6.1  research  effort  in  underwater 
explosions.  The  universities  certainly  can  make  a  strong  contribution  in 
analysis.  Moreover,  they  are  well  equipped  experimentally  to  do  work  in  model 
experiments  -  where  elements  of  the  problem  are  studied  in  small  scale 
experiments. 

The  universities  are  quite  familiar  with  laser  diagnostics  which  may  be 
brought  to  bear  on  the  problem.  Shown  on  the  third  chart  in  this  sequence  are 
some  of  the  optical  properties  of  water.  The  more  common  lasers  in  the 
universities  operate  in  the  visible  to  which  water  is  quite  transparent.  Several 
universities  also  possess  high  power  COp  lasers  for  which  water  is  quite  opaque. 
Consequently,  the  universities  can  Easily  perform  optical  diagnostics  and 
irradiation  bombardment  for  fast  heating  experiments.  Some  universities  have 
demonstrated  ties  with  the  labs  so  that  joint  efforts  could  be  considered. 


FACILITIES 
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RESEARCH  NEEDS 

ONE  POSSIBLE  ROUTE  TO  PROGRESS 


OUTSTANDING  QUESTIONS  AND  RESEARCH  NEEDS 

The  final  three  charts  summarize  the  outstanding  questions  in  underwater 
explosions  and  the  research  needs  to  provide  the  answers. 


SOME  QUESTIONS 

FOR  NON-IDEAL  UNDERWATER  EXPLOSIVES 
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■  What  are  new  useful  diagnostics?  ■  What  can  and  cannot  be 
computed?  ■  Where  did  surface  tension  go?  ■  What  would  be 
useful  non-detonation  diagnostics?  ■  Are  there  any  new 
useful  detonation  diagnostics? 
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•Remain  much  like  those  generated  at  the  Atlanta  workshop 
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analysis  using  simple  compositions  and  variable 
surface  tension 

Melting/exploding  wire  -  water  explosion  processes 


